Testicular germ cell cancer develops from premalignant intratubular germ cell neoplasia, unclassified cells that are believed to arise from failure of normal maturation of fetal germ cells from gonocytes (OCT4 þ /MAGEA4 À ) into pre-spermatogonia (OCT4 À /MAGEA4 þ ). Intratubular germ cell neoplasia cell subpopulations based on stage of germ cell differentiation have been described, however the importance of these subpopulations in terms of invasive potential has not been reported. We hypothesized that cells expressing an immature (OCT4 þ /MAGEA4 À ) germ cell profile would exhibit an increased proliferation rate compared with those with a mature profile (OCT4 þ / MAGEA4 þ ). Therefore, we performed triple immunofluorescence and stereology to quantify the different intratubular germ cell neoplasia cell subpopulations, based on expression of germ cell (OCT4, PLAP, AP2c, MAGEA4, VASA) and proliferation (Ki67) markers, in testis sections from patients with preinvasive disease, seminoma, and non-seminoma. We compared these subpopulations with normal human fetal testis and with seminoma cells. Heterogeneity of protein expression was demonstrated in intratubular germ cell neoplasia cells with respect to gonocyte and spermatogonial markers. It included an embryonic/fetal germ cell subpopulation lacking expression of the definitive intratubular germ cell neoplasia marker OCT4, that did not correspond to a physiological (fetal) germ cell subpopulation. OCT4 þ /MAGEA4 À cells showed a significantly increased rate of proliferation compared with the OCT4 þ /MAGEA4 þ population (12.8 versus 3.4%, Po0.0001) irrespective of histological tumor type, reflected in the predominance of OCT4 þ /MAGEA4 À cells in the invasive tumor component. Surprisingly, OCT4 þ /MAGEA4 À cells in patients with preinvasive disease showed significantly higher proliferation compared to those with seminoma or non-seminoma (18.1 versus 10.2 versus 7.2%, Po0.05, respectively). In conclusion, this study has demonstrated that OCT4 þ /MAGEA4 À cells are the most frequent and most proliferative cell population in tubules containing intratubular germ cell neoplasia, which appears to be an important factor in determining invasive potential of intratubular germ cell neoplasia to seminomas.
Testicular germ cell cancer is the most common malignancy in young men and the incidence of these tumors is increasing worldwide. 1, 2 The tumors are classified as seminoma or non-seminoma with a distinct cell of origin and pathogenesis compared with spermatocytic seminoma of late adulthood. 1 These tumors result from transformation, usually in young adulthood, of preinvasive intratubular germ cell neoplasia (also known as carcinoma in situ) cells that arise during fetal life. 3, 4 Intratubular germ cell neoplasia cells are believed to be germ cells that have failed to undergo normal maturation during fetal or early postnatal life.
In humans, during fetal life, primordial germ cells migrate into the developing gonad at around 5 weeks of gestation and become gonocytes. 5 These cells express proteins associated with pluripotency (eg OCT4 and NANOG) 6, 7 and a number of other embryonic markers (eg AP2g and PLAP). 8, 9 During the remainder of fetal life and into the early postnatal period these cells begin to express germ cell-specific proteins (eg VASA and MAGEA4) during their transition from gonocytes into spermatogonia and this is associated with a loss of the gonocyte protein markers. 7 This transition occurs in an asynchronous manner such that cells at different stages of development may be present in an individual seminiferous cord during this period and some of these cells may co-express gonocyte and spermatogonial markers. 10 Intratubular germ cell neoplasia cells express many of the same proteins as gonocytes (eg OCT4, PLAP, AP2g) and these are often used in conjunction with histological evaluation to diagnose the condition in testicular biopsies. 11 It is also recognized that intratubular germ cell neoplasia cells may express proteins indicative of spermatogonia (eg MAGEA4, VASA, TSPY). 3, 12, 13 The clinical significance of the differing protein expression profiles among intratubular germ cell neoplasia cells is not known.
Proliferation of preinvasive cells is important for the development of an invasive tumor and proliferation has been shown to occur in intratubular germ cell neoplasia cells prior to the development of an invasive tumor. 12 However, proliferation in the different subpopulations of intratubular germ cell neoplasia cells, based on germ cell-differentiation profile, has not previously been investigated.
The aim of this study was to characterize the heterogeneous protein expression profiles of intratubular germ cell neoplasia cells using co-localization of multiple proteins simultaneously and to compare this to the expression profiles of normal germ cells in the human fetal testis. In addition, we aimed to quantify the different intratubular germ cell neoplasia subpopulations associated with different testicular germ cell cancer histological types and to investigate whether the protein expression profile of intratubular germ cell neoplasia cells is related to proliferation of these cells and hence to their invasive potential.
Materials and methods

Tissue Collection
Human intratubular germ cell neoplasia/testicular germ cell cancer tissue. Ethical approval was obtained for the use of archived human testicular tissue from the pathology departments at the Western General Hospital in Edinburgh (REC Reference number-10/S1402/33) and Erasmus MC-University Medical Center, Rotterdam (Institutional review board-MEC 02.981 and CCR2041). Samples were randomly selected from the testicular germ cell tumor database and analyzed by light microscopy for the presence of intratubular germ cell neoplasia cells. The diagnosis included preinvasive disease (childhood, n ¼ 4; adulthood, n ¼ 7), seminoma (n ¼ 9), and non-seminoma (n ¼ 8). Patient details are described in Table 1 . The specimens had been fixed in formalin for 24 h.
Human fetal testes. Human fetal testes were obtained following termination of pregnancy during 2nd trimester (14-19 weeks, n ¼ 5). Women gave consent in accordance with national guidelines, and ethical approval was obtained from the Local Research Ethics Committee (reference number-LREC08/S1101/1). No terminations were due to fetal abnormalities. Gestational age was determined initially by ultrasound, followed by measurement of foot length. Testes were fixed for 2 h in Bouins, transferred into 70% ethanol, and then embedded in paraffin. Sections of 5 mm thickness were prepared. 
Immunohistochemistry
Details of antibodies, dilutions, and requirement for antigen retrieval are shown in Table 2 . Sections were dewaxed in xylene, rehydrated in graded alcohols, and washed in tap water. Antigen retrieval involved pressure cooking in 0.01 M citrate (pH 6.0) buffer as described previously. 14 Sections were washed in TBS (2 Â 5 min) and incubated for 30 min with the appropriate biotinylated secondary antibody (swine anti-rabbit, rabbit anti-mouse; both Dako, Ely, UK or rabbit antigoat; Vector Laboratories), diluted in normal serum. This was followed by two further 5-min washes in TBS and incubation for 30 min with Streptavidin-HRP at 1:1000 (Dako), diluted in TBS. Visualization was performed using 3,3-diaminobenzidine tetrahydrochloride (Dako) and sections were counterstained with haematoxylin, dehydrated in graded alcohols, immersed in xylene, and mounted in Pertex medium (CellPath, Hemel Hempstead, UK). For each experiment, a negative control (primary antibody replaced with the appropriate normal serum) was included. Images were captured using an Olympus Provis microscope (Olympus, London, UK) and Canon DS126131 camera with Canon EOS image capture software (Canon, Woodhatch, Surrey, UK).
Immunofluorescence
Sections were initially treated as described for single staining as far as the primary antibody stage, with phosphate-buffered saline (PBS;Sigma) washes between each step. Antigen retrieval was required for all experiments. Details of antibodies, serum, and visualization method are listed in Table 2 .
Following overnight incubation with the primary antibody in serum, sections were incubated with secondary antibody for 30 min, followed by fluorescently labeled Tyramide (1:50; Perkin Elmer, Cambridge, UK) in dilution buffer. For this and subsequent steps, the sections were kept in darkness. Sections were then microwaved in 0.01 M citrate (pH 6.0) for 2.5 min and left to cool for 30 min, before being washed in water and PBS for 5 min. Sections were incubated for 30 min in serum. They were incubated with secondary antibody for 30 min, followed by the labeled Tyramide (1:50) using a different fluorescent label. After the second visualization, sections were microwaved again as described above and incubated with the third secondary antibody for 30 min, followed by the third labeled Tyramide (1:50). DAPI (Sigma) was applied to the sections at 1:1000 in PBS for 10 min and the slides were mounted using Permafluor (Immunotech, Marseille, France). Images were captured using an LSM 510 Confocal microscope (Carl Zeiss, Hertfordshire, UK).
Quantification of Germ Cell Differentiation and Proliferation
Quantification of germ cell subpopulations and proliferation indices were performed for the triplestained sections as previously described. 10 For each sample, a minimum of 10 randomly selected fields with tubules containing intratubular germ cell neoplasia were counted and included an average of 1000 cells per section. Images were obtained using an Axiovert 200 M microscope with attached Axiocam HRc camera and Axiovision 4.6 software (all Carl Zeiss). All germ cells within each section were manually counted and quantified according to their protein expression profile and proliferation status by marking cells in layered images using Adobe Photoshop 7.0 (Adobe, San Jose, CA, USA).
Statistics
Statistical analysis was performed using Graphpad Prism 5 software (La Jolla, CA, USA). Groups were compared using Student's t-test. Multiple groups were analyzed using one-way analysis of variance (ANOVA). Statistical significance was set at Po0.05.
Results
In order to characterize the heterogeneity of expression of germ cell proteins in putative intratubular germ cell neoplasia cells, we first compared the expression of a range of germ cell-specific proteins 
Expression of Gonocyte Markers in Human Fetal
Testis, Intratubular Germ Cell Neoplasia and Spermatogonia OCT4, AP2g, and PLAP were expressed in germ cells (gonocytes) in the human fetal testis. In sections from patients with testicular germ cell cancer, these proteins were also expressed in intratubular germ cell neoplasia cells; however, none of the proteins were expressed in spermatogonia in tubules that contained active spermatogenesis (Figures 1a-i).
Expression of Spermatogonial Markers in Human Fetal Testis, Intratubular Germ Cell Neoplasia and Spermatogonia
MAGEA4 and VASA were expressed in germ cells (pre-spermatogonia) in the human fetal testis. These proteins were also expressed in intratubular germ cell neoplasia cells. There was also expression of these proteins in germ cells (MAGEA4 in spermatogonia and early spermatocytes, VASA in all germ cells) of tubules that contained active spermatogenesis in patients with testicular germ cell cancer (Figures 1j-o ).
Co-expression of Gonocyte and Spermatogonial Markers in Intratubular Germ Cell Neoplasia Cells and Normal Testis
For the identification of intratubular germ cell neoplasia cells and to attempt to distinguish these cells from normal germ cells, AP2g and VASA coexpression was investigated ( Figure 2 ). In tubules with normal-appearing spermatogenesis, there was an expression of VASA in the cytoplasm of germ cells, but no expression of AP2g (Figure 2a ). In tubules containing a mixture of germ cells characteristic of either intratubular germ cell neoplasia or normal spermatogonia, the putative intratubular germ cell neoplasia cells (located on the basement membrane) were identified as AP2g þ /VASA À , whereas a small proportion of these cells were AP2g þ /VASA þ (Figure 2b ). AP2g À /VASA þ cells, located nearer the lumen, were also identified in intratubular germ cell neoplasia tubules. These putative spermatocytes were also identified in tubules in which the majority of the cells were intratubular germ cell neoplasia cells (AP2g þ / VASA À ; Figure 2c ). Similar populations of germ cells were also identified within the human fetal testis, based on co-staining for OCT4 and VASA ( Supplementary Figure 1; 7 ) .
Heterogeneity of Expression of 'Classical' Intratubular Germ Cell Neoplasia Markers in Patients with Testicular Germ Cell Cancer
In order to demonstrate the heterogeneity of expression of gonocyte proteins in intratubular germ cell neoplasia, co-localization of OCT4, AP2g, and PLAP was undertaken. OCT4 and AP2g were always co-expressed and were localized to the nuclei of intratubular germ cell neoplasia cells (Supplementary Figure 2 ). A similar pattern of co-expression was demonstrated for OCT4 and PLAP, with co-expression of OCT4 (nuclear) and PLAP (cytoplasm ±nuclear) in the majority of cells (OCT4 þ /PLAP þ ) within these tubules, however there were also germ cells that were OCT4 þ /PLAP À (Figure 3a ). These two populations were also identified in the human fetal testis (Figure 3b ). However, within the intratubular germ cell neoplasia containing tubules we also identified a rare population of cells that was OCT4 À /PLAP þ (Figure 3c ), although this population of germ cells was not identified in any of the human fetal testis sections ( Figure 3b ).
The Expression of Spermatogonial Markers in Putative Intratubular Germ Cell Neoplasia Cells
To further characterize the germ cells within intratubular germ cell neoplasia containing tubules that either did or did not express OCT4, triple immunofluorescence staining was undertaken for MAGEA4/VASA, OCT4, and PLAP ( Figure 4 ). In tubules containing intratubular germ cell neoplasia cells, the majority of germ cells expressed nuclear OCT4 and most of these were co-stained with PLAP (cytoplasmic þ / À nuclear). A small proportion of presumptive spermatocytes expressed VASA only ( Figure 4a ). However, there were infrequent germ cells that expressed VASA and PLAP, but that did not express OCT4 (Figure 4a ), suggesting that a proportion of the VASA-expressing cells (VASA þ / OCT4 À ) are not 'normal' spermatogonia/spermatocytes and may represent gonocytes that have downregulated OCT4 and begun to express VASA but retain PLAP expression (VASA þ /OCT4 À /PLAP þ ). Similar subpopulations were found when the coexpression of MAGEA4 with OCT4 and PLAP was undertaken ( Figure 4b ).
Quantification of Intratubular Germ Cell Neoplasia Phenotypes Depending on Histological Testicular Germ Cell Cancer Type
The proportion of intratubular germ cell neoplasia cells (identified by expression of OCT4 and/or PLAP) with different expression profiles based on OCT4/PLAP/MAGEA4 co-staining was determined ( Figure 5 ). By far, the most common phenotype was OCT4 þ /PLAP þ /MAGEA4 À , which was found in a significantly higher proportion (68%) of cells Modern Pathology (2014) 27, 1255-1266
Proliferation in intratubular germ cell neoplasia compared with the other phenotypes (Figure 5b versus a, c). A smaller proportion (7.7%) of intratubular germ cell neoplasia cells were OCT4 þ / PLAP À /MAGEA4 À . Overall, 82% of intratubular germ cell neoplasia cells expressed OCT4 with the remaining 18% of putative intratubular germ cell neoplasia cells expressing PLAP (but no detectable OCT4). In terms of spermatogonial markers, MAGEA4 expression was found in 6% of putative intratubular germ cell neoplasia cells (defined by expression of OCT4 and/or PLAP; Figure 5 ) and this represented a significantly lower proportion of cells compared with those not expressing MAGEA4 ( Figure 5; c versus a,b ). There was a shift toward an increasing proportion of these MAGEA4 þ cells from preinvasive (child) to preinvasive (adult) and Figure 3 ).
Proliferation of Intratubular Germ Cell Neoplasia Cells According to Germ Cell Expression Profile and Histological Testicular Germ Cell Cancer Type
In order to investigate whether the germ cell expression profile of the putative intratubular germ cell neoplasia cells might determine their proliferation rate, which might in turn affect their invasive potential, triple immunofluorescence for OCT4/ MAGEA4/Ki67 was performed ( Supplementary  Figure 4) . Overall, the proportion of proliferating (Ki67 þ /OCT4 þ ) intratubular germ cell neoplasia cells was 8.1% (Figure 6a ). There was a shift toward an increased proliferation in intratubular germ cell neoplasia cells from patients with preinvasive disease compared with those with a seminoma or nonseminoma, but this was not statistically significant (Supplementary Figure 5 ). However, when intratubular germ cell neoplasia (identified by expression of OCT4 þ ) cell proliferation was analyzed according to whether or not the cells also expressed MAGEA4, a significantly higher proliferation rate was found for the OCT4 þ /MAGEA4 À population compared with Proliferation in intratubular germ cell neoplasia OCT4 þ /MAGEA4 þ intratubular germ cell neoplasia cells (12.8 versus 3.4%, Po0.0001; Figure 6b ). Moreover, the significant difference in proliferation rate between the two intratubular germ cell neoplasia phenotypes was consistent when the same analysis was performed according to whether the intratubular germ cell neoplasia cells were from patients with preinvasive disease (child or adult), seminoma or non-seminoma (Figures 6c-f ). Furthermore, when the proliferation rates in the two subpopulations of intratubular germ cell neoplasia cells (OCT4 þ / MAGEA4 À or OCT4 þ /MAGEA4 þ ) were compared according to the histology of the adjacent testicular germ cell cancer, there was a significantly higher proliferation rate in the OCT4 þ /MAGEA4 À cells in preinvasive disease compared with these cells in seminoma and non-seminoma ( Figure 7a ); in contrast, there was no difference in the proportion of OCT4 þ /MAGEA4 þ cells that were proliferating for the different tumor types ( Figure 7b ).
Proliferation of Seminoma Cells According to Germ Cell Expression Profile
Given that the OCT4 þ /MAGEA4 À population of intratubular germ cell neoplasia cells were more proliferative than the OCT4 þ /MAGEA4 þ population, we investigated MAGEA4, OCT4, and PLAP expression in seminoma cells in order to determine whether this results in a predominance of OCT4 þ / MAGEA4 À cells in the resulting tumors. Indeed, we found that in the majority of intratubular seminoma cells MAGEA4 was not expressed and that the majority of cells were OCT4 þ /PLAP þ /MAGEA4 À (Figure 8a ). MAGEA4-positive cells were seen in tubules with normal appearance adjacent to areas of (Figure 8b) ; however, MAGEA4 expression was not seen in the invasive seminoma cells (Figure 8c ). The OCT4 þ /MAGEA4 À seminoma cells were highly proliferative, while a smaller proportion of OCT4 þ /MAGEA4 À intratubular germ cell neoplasia cells were proliferative. In contrast, MAGEA4-expressing cells were rarely proliferative ( Supplementary Figure 6 ).
Discussion
The present study has characterized the heterogeneity of germ cell protein expression in the human testis based on co-expression of germ cell proteins involved in differentiation from gonocyte to prespermatogonia. We have demonstrated an infrequent population of cells within intratubular germ Proliferation in intratubular germ cell neoplasia cell neoplasia containing tubules with an expression profile distinct from germ cells in the normal human fetal testis. We have also demonstrated that the most common subpopulation in intratubular germ cell neoplasia containing tubules, which displays a 'gonocyte' expression profile (OCT4 þ /MAGEA4 À ), is associated with an increased proliferation rate compared with the subpopulation expressing a 'prespermatogonial' profile (OCT4 þ /MAGEA4 þ ), and that this (OCT4 þ /MAGEA4 À ) population represents the true intratubular germ cell neoplasia cell and precursor for invasive seminoma and nonseminoma. The findings of the present study are summarized in Figure 9 . Intratubular germ cell neoplasia cells are thought to originate in fetal life from abnormally differentiated gonocytes. 3, 15 This is supported by similarities in morphological, immunohistochemical, and genetic profiles. 3, 16, 17 Intratubular germ cell neoplasia cells share expression of a variety of proteins that are involved in pluripotency and early germ cell fate, such as OCT4, 18-20 PLAP, 9, 21 and AP2g. 8 As 
Figure 9
Schematic for germ cell maturation and proliferation in germ cells during transition from gonocyte to intratubular germ cell neoplasia and testicular germ cell cancer (bottom). Germ cell maturation from gonocyte to initiation of spermatogenesis is represented in the testis during the different stages of life (middle). For comparison, germ cell differentiation in the normal testis is also shown (top). Germ cells in the fetal testis may exhibit delayed maturation with persistence of gonocyte markers through childhood. A variety of germ cell protein profiles are present in the intratubular germ cell neoplasia tubule, however it is the cells expressing exclusively gonocyte proteins (with no spermatogonial proteins) that are more proliferative and contribute to the majority of the cells in intratubular seminoma and subsequently invasive seminoma. Cells expressing spermatogonial proteins are occasionally seen in the tubule or resultant tumor but exhibit low proliferation rates. Expression of OCT4 (red), PLAP (green), and MAGEA4 (blue) is shown for individual cells and cells with high rates of proliferation are indicated by yellow asterisk.
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Proliferation in intratubular germ cell neoplasia RT Mitchell et al gonocytes differentiate into spermatogonia during fetal life, these markers have been shown to be downregulated. 3, 6, 7, 20, 22, 23 OCT4, AP2g, and PLAP are described as 'classical' markers of intratubular germ cell neoplasia cells in adulthood and persistence of expression of these proteins is routinely used for diagnostic purposes for patients at risk of, or with suspected, testicular germ cell cancer. 11 These markers are considered highly sensitive and specific for intratubular germ cell neoplasia cells. Although we found co-expression of AP2g and OCT4 in intratubular germ cell neoplasia cells with no cells expressing a single marker alone, there was heterogeneity in the co-expression of PLAP and OCT4 in intratubular germ cell neoplasia cells. Expression of OCT4 has been reported to be present in all intratubular germ cell neoplasia cells, 19 whereas PLAP has been reported to be expressed in 83-99% of intratubular germ cell neoplasia cells. 9 The present co-localization studies demonstrate that the majority of the cells expressing OCT4 also express PLAP. Overall co-localization was seen in 68% of cells in tubules with intratubular germ cell neoplasia. Both of these subpopulations are also present in the normal human fetal testis during the transition from gonocyte to spermatogonia. However, our co-localization studies have demonstrated the presence of a subpopulation of intratubular germ cell neoplasia cells with a protein expression profile distinct from the germ cells in the normal human fetal testis. This OCT4 À /PLAP þ subpopulation represented 18% of the total cells in tubules with intratubular germ cell neoplasia. PLAP is expressed in most of the germ cells in a first trimester fetal testis, but is rare by the start of the second trimester. 23 OCT4 is also present in most of the germ cells of the first trimester, but is downregulated later in gestation in comparison to PLAP. 24 This study has shown that an OCT4 À /PLAP þ population can be identified in tubules with intratubular germ cell neoplasia, while our results confirm that PLAP is not expressed without co-expression of OCT4 in the normal human fetal testis. 23 As these cells do not occur as a part of normal germ cell development they may represent impaired maturation of gonocytes with loss of OCT4 and retention of PLAP expression as a result of an altered germ cell niche.
In addition to the proteins that are found in undifferentiated germ cells, intratubular germ cell neoplasia cells have also been reported to express proteins characteristic of differentiated germ cells such as VASA 25 and MAGEA4. 26 These markers begin to be expressed in germ cells during fetal life in increasing proportions as the cells differentiate. 24, [26] [27] [28] We have shown that the majority of intratubular germ cell neoplasia cells (based on the expression of OCT4 and/or PLAP) do not express the spermatogonial proteins MAGEA4 and VASA. We have quantified the expression of these differentiated germ cell markers in putative intratubular germ cell neoplasia for the first time and shown that MAGEA4 is only expressed in 6% of OCT4 and/or PLAP-expressing cells and therefore is not a common phenotype for putative intratubular germ cell neoplasia cells. Heterogeneous expression of MAGEA4 in intratubular germ cell neoplasia has been described previously; however, VASA expression was reported to be expressed in all intratubular germ cell neoplasia cells. 3 We found that VASA was expressed heterogeneously in a similar proportion of putative intratubular germ cell neoplasia cells as those expressing MAGEA4.
Previous studies have indicated that differentiated germ cells (eg, spermatogonia) may be present within intratubular germ cell neoplasia containing tubules. 12, 22 Co-staining for OCT4 and VASA/ MAGEA4 identified cells that had an OCT4 À / VASA þ phenotype. 22 These cells would be considered differentiated germ cells rather than intratubular germ cell neoplasia cells. We have described similar populations in our samples, however triple co-localization has demonstrated that some VASA-or MAGEA4-expressing cells that do not express OCT4, express PLAP and therefore may not represent 'normal' spermatogonia. As a result, it is likely that only cells expressing neither OCT4 nor PLAP may represent normally matured germ cells that have not undergone a preinvasive change. The OCT4 À /VASA þ /PLAP þ or OCT4 À / MAGEA4 þ /PLAP þ populations may represent preinvasive germ cells that have undergone a degree of maturation toward pre-spermatogonia (due to downregulation of OCT4 and expression of VASA/MAGEA4), alternatively they may represent pre-sprematogonia that have aberrantly retained PLAP expression following the downregulation of OCT4. In order to determine whether these populations could represent intratubular germ cell neoplasia cells, we investigated expression during the development of invasive disease. OCT4 (without MAGEA4) was expressed in all intratubular and invasive seminomas, indicating that intratubular germ cell neoplasia cells with invasive potential express OCT4 and do not express MAGEA4. Therefore, we conclude that the OCT4 À / MAGEA4 þ /PLAP þ cells do not represent intratubular germ cell neoplasia cells with malignant potential and are more likely to be a separate population of abnormally differentiated germ cells that are present in intratubular germ cell neoplasia containing tubules.
Uncontrolled proliferation of cells is a hallmark of invasive tumors. 29 Previous studies have demonstrated proliferation in intratubular germ cell neoplasia and overt testicular germ cell cancer, 12, [30] [31] [32] and a previous study has shown that Ki67 expression is found in intratubular germ cell neoplasia cells in 14/16 non-seminomas and 14/17 seminomas, although the proportion of intratubular germ cell neoplasia cells that were proliferating was not quantified. 31 Proliferation in intratubular germ cell neoplasia neoplasia subpopulations in relation to the underlying tumor type has not previously been performed. Intratubular germ cell neoplasia cells have previously been reported to proliferate at a relatively high rate. In a study of sections taken from patients with testicular germ cell cancer, using Ki67 as a marker of proliferation, 17.42% of intratubular germ cell neoplasia cells were found to be Ki67 positive. 30 Overall, we found that 8.1% of intratubular germ cell neoplasia cells were positive for Ki67, however we have shown that the proliferation rate is dependent on which intratubular germ cell neoplasia subpopulation is investigated. We have shown that PLAP is not expressed in B20% of intratubular germ cell neoplasia (OCT4 þ ) cells and this may partially explain the differences seen between proliferation of intratubular germ cell neoplasia cells in the present study compared with previous studies which relied on PLAP expression to identify intratubular germ cell neoplasia cells. 12, 30 The OCT4 þ /MAGEA4 þ (and also OCT4 À /MAGEA4 þ , not shown) populations are less proliferative than those expressing OCT4 þ /MAGEA4 À , which provides further evidence supporting the view that the OCT4 þ / MAGEA4 À cells have more invasive potential than those expressing a more mature phenotype. This hypothesis is supported by our finding of little or no expression of MAGEA4 in the OCT4 þ seminoma cells of an invasive tumor. We therefore propose that the OCT4 þ /MAGEA4 À population of intratubular germ cell neoplasia cells give rise to the invasive tumor, while the OCT4 þ /MAGEA4 þ population has a lower capacity to progress to invasiveness and may represent germ cells that are arrested in the transition from gonocyte to spermatogonia and do not contribute to the invasive tumor. OCT4 À /MAGEA4 þ cells are occasionally seen within the seminomatous component but are likely to represent spermatogonia that have become enclosed in the invasive tumor.
Differences in the proliferation of intratubular germ cell neoplasia cells have recently been investigated with respect to one of the key regulators of the mitosis-meiosis switch, DMRT1. 12 This study demonstrated that intratubular germ cell neoplasia cells expressing DMRT1 were significantly less proliferative than those intratubular germ cell neoplasia cells that did not express DMRT1 and that progression from an 'early-stage' (Ki67 À ) intratubular germ cell neoplasia cell to invasive disease (Ki67 þ ) is associated with a downregulation of DMRT1. In order to test the hypothesis that certain subpopulations of intratubular germ cell neoplasia cells display differences in invasive potential, future studies involving isolation of the different intratubular germ cell neoplasia subpopulations followed by germ cell transplantation or xenografting may be performed.
The present study has demonstrated the presence of proliferating intratubular germ cell neoplasia cells in testis tissue from patients with preinvasive disease, seminoma, and non-seminoma with a higher rate of proliferation in the OCT4 þ / MAGEA4 À population in preinvasive samples compared to those with an invasive tumor (either seminoma or non-seminoma). The finding of higher rates of proliferation of intratubular germ cell neoplasia cells in preinvasive disease compared to tumor samples might be considered surprising given previous reports of low rates of proliferation in preinvasive intratubular germ cell neoplasia cells. 12 In adults with preinvasive disease, this may be explained by an increase in proliferation around the time of progression to invasive disease, however this would not explain the proliferation rate for intratubular germ cell neoplasia cells in the preinvasive childhood patients in which it might be expected that these cells are relatively quiescent. However, we have demonstrated previously that a higher proportion of OCT4 þ germ cells in the second trimester human fetal testis are proliferating compared with the MAGEA4 þ population and that the rates of proliferation in the present study are similar to those in the normal human fetal testis for each subpopulation, 10 indicating that the proliferation in the germ cell subpopulations in children with preinvasive disease may simply reflect the proliferation rates in the normal human fetal testis.
In conclusion, we have described in detail the heterogeneity of germ cell protein expression in cells within intratubular germ cell neoplasia tubules. We have demonstrated subpopulations of OCT4 À cells that do not correspond to an equivalent stage of normal human fetal germ cell differentiation, suggesting that these cells may have lost expression of proteins that may determine their malignant potential. We have also demonstrated that a more undifferentiated/pluripotent expression profile is associated with an increased proliferation rate compared with a differentiated phenotype. These results indicate that germ cells expressing an OCT4 þ /MAGEA4 À phenotype are those that will ultimately lead to tumor formation.
